Indigenous communities in the Arctic often face unique drinking water quality challenges related to inadequate infrastructure and environmental contamination; however, limited research exists on waterborne parasites in these communities. This study examined Giardia and Cryptosporidium in untreated surface water used for drinking in Iqaluit, Canada. Water samples (n ¼ 55) were collected weekly from June to September 2016 and tested for the presence of Giardia and Cryptosporidium using microscopy and polymerase chain reaction (PCR). Exact logistic regressions were used to examine associations between parasite presence and environmental exposure variables. Using microscopy, 20.0% of samples tested positive for Giardia (n ¼ 11) and 1.8% of samples tested positive for Cryptosporidium (n ¼ 1). Low water temperatures (1.1 to 6.7 C) and low air temperatures (À0.1 to 4.5 C) were significantly associated with an increased odds of parasite presence (p ¼ 0.047, p ¼ 0.041, respectively). These results suggest that surface water contamination with Giardia and Cryptosporidium may be lower in Iqaluit than in other Canadian regions; however, further research should examine the molecular characterization of waterborne parasites to evaluate the potential human health implications in Northern Canada.
INTRODUCTION
In the Arctic, many Indigenous communities experience inequitable challenges in accessing safe drinking water (Marino et Originating from human or animal feces, Giardia and Cryptosporidium are enteric parasites that are common causes of waterborne diseases in Canada (i.e., giardiasis and cryptosporidiosis) (Schuster et al. ) . Theoretically, one Giardia cyst or Cryptosporidium oocyst can cause infection when ingested by humans (Health Canada ); however, research suggests that the minimum infectious dose is 9-10 (oo)cysts, which is a relatively low infectious dose compared to many waterborne pathogens (Smith et al. ) . Thus, it is important to understand and monitor the frequency, concentration, and distribution of these parasites in drinking water sources to protect human health in northern communities. This is particularly important considering the differences in sources of contamination between northern and southern communities. For instance, northern wildlife reservoirs may account for differences in waterborne pathogens compared to warmer, more southern communities ( Jenkins et al. ) . The goal of this study was to investigate the presence of Giardia and Cryptosporidium in untreated surface water that is used by some community members for drinking in Iqaluit, Nunavut, Canada. Specific objectives were to: (i) estimate the prevalence and concentrations of Giardia cysts and Cryptosporidium oocysts in local rivers over time; (ii) examine associations between indicator bacteria and parasites in these surface waters; and (iii) identify potential associations of parasites in surface water with meteorological conditions (e.g., air temperature, precipitation) and water quality parameters (e.g., water temperature, turbidity).
Despite the high rates of parasitic infection in humans in

METHODS
Study location
Nunavut is Canada's newest and largest territory, with approximately 36,000 residents living in 26 communities (Statistics Canada b). Iqaluit (64 N, 69 W) is north of the tree-line, and is the capital city of Nunavut (Figure 1 , some prefer to collect untreated surface water in personal storage containers to use for drinking. Collecting, consuming, and sharing drinking water from traditional sources remain integral cultural practices for many Inuit in Canada that contribute to physical, social, and spiritual well-being; many Inuit still identify traditional raw water sources as their preferred drinking water sources (Martin et al. ; Goldhar et al. ) . These water sources are often perceived to be superior in quality to chlorinated tap water as they are believed to be better tasting and more nourishing (Marino et al. ; Goldhar et al. ) .
Research approach
This study was guided by an EcoHealth approach, implementing systems thinking, transdisciplinary, communitybased, and knowledge-to-action research methods (Charron ) . The research question, study design, data collection, interpretation, and knowledge mobilization were conducted by a collaborative team of Indigenous and non-Indigenous researchers, regional specialists, community members, and river water for E. coli and coliforms (NRI ). In this study, we worked with the NRI to investigate the presence of Giardia and Cryptosporidium within their existing water monitoring program in three local rivers ( Figure 1 ).
Data collection and analysis
Water data
Government, non-government, and NRI partners selected Sylvia Grinnell and Apex Rivers as study locations because they have been used for decades by community members as culturally important sources for untreated drinking water.
Carney
Creek, a waterbody that flows through an industrialized part of the city, was selected as a study site to examine the quality of surface water within Iqaluit that is not used for drinking. Local personnel were hired and trained by NRI and University of Guelph researchers to collect water samples and perform initial laboratory analyses. Based on the schedule and laboratory capacity at the NRI, water samples Specifically, 5-10 L of sample water was used to flush the Filta-Max ® system without the filter, and an average of 92.3 L (median ¼ 109.3 L; range ¼ 6.8-121.3 L) of sample water was then filtered through a 1.0 μm Filta-Max ® filter cartridge (IDEXX Laboratories Inc., Westbrook, ME, USA) at a flow rate of 1-5 L/min. Water volumes were measured by collecting filtered sample water in a graduated container. Lower water volumes and flow rates were obtained with some highly turbid samples, but only one filter was used for each sample.
After removal of the filter, the Filta-Max ® system was flushed with 10 L of tap water and the carboys were washed with laboratory detergent and rinsed with tap water, according to parvum AZ-1) at Hyperion Research Ltd on 29 September 2016. One filter was stored at 5 C for 5 days and then processed, while the second filter was shipped to Iqaluit and received back 33 days later and processed on 31 October
2016.
Compared to bacteria, parasites are more difficult to identify in water because they cannot be readily cultured in defined media as can many pathogenic bacteria, and they are found at lower concentrations in the environment (Straub & Chandler ) . As such, to increase the sensitivity of our testing and avoid false negatives, we examined samples using microscopy and molecular methods. Giardia cysts and Cryptosporidium oocysts from both the control samples and study samples were isolated from water according to Method 1623: (i) elution of (oo)cysts from filters, (ii) concentration of sample material, and (iii) immunomagnetic separation (EPA ). Samples were then examined by immunofluorescence (Waterborne™ Inc., New Orleans, LA, USA) and microscopy for enumeration of (oo)cysts, with a detection limit of 1.0 (oo)cysts/volume filtered (average 90 L) (EPA ). 
Environmental and meteorological data
Water quality parameters were measured and recorded; a Meteorological data in Iqaluit were collected from Environment Canada for each sampling day and the 3 days prior to sampling, including daily mean, minimum, and maximum air temperature ( C), as well as daily total precipitation (mm) (Government of Canada ).
Statistical analyses
All statistical analyses were conducted using Stata 13.1 (College Station, TX, USA). The significance level of statistical tests was α < 0.05.
Parasite prevalence and concentrations: Descriptive statistics were used to determine the prevalence and mean concentrations of Giardia and Cryptosporidium from Sylvia Grinnell River (n ¼ 24), Apex River (n ¼ 26), and Carney Creek (n ¼ 5).
Indicator bacteria and parasites: Indicator bacteria concentrations from each site were summarized using descriptive statistics. The prevalence of positive E. coli samples (%) as well as the concentrations of E. coli and total coliforms (MPN/100 mL water) detected in each sample were summarized for Sylvia Grinnell River (n ¼ 24), Apex River (n ¼ 26), and Carney Creek (n ¼ 5). Linear regression was used to examine the unconditional association between E. coli and total coliform concentrations, and logistic regressions were used to examine unconditional associations between the presence/absence of parasites (i.e.,
Giardia and/or Cryptosporidium) and the concentration of each indicator bacteria (i.e., E. coli and total coliforms).
Environmental conditions and parasites:
Descriptive statistics were used to summarize water quality parameters and meteorological conditions. Exact logistic regressions were used to examine associations between the presence/ absence of parasites (i.e., Giardia and/or Cryptosporidium) and environmental exposure variables that were selected a priori (Table 1) . Five water quality parameters and meteorological variables were chosen (three variables including 3-day lag periods) based on a previous meta-analysis (Young et al. ) , resulting in 14 environmental exposure variables that were tested (Table 1) . Specifically, we examined the unconditional association of parasite presence/absence with air temperature and cumulative precipitation (each with 3-day lag periods). We also examined the association of parasite presence/absence with water temperature, turbidity, and water level (with a 3-day lag period), while controlling for the sampling location as a fixed effect. Observations from Carney Creek were excluded from regression analyses due to a low water sample size (n ¼ 5) and considering this water is not used for drinking, and multivariable regression analyses from all sites were precluded due to a limited number of observations from all sample sites.
RESULTS
Parasite prevalence and concentrations
Using microscopy, 20.0% (n ¼ 11/55) of samples tested positive for Giardia and 1.8% (n ¼ 1/55) of samples tested positive for Cryptosporidium from all sample locations (Table 2) . However, at drinking water collection sites (i.e., Sylvia Grinnell and Apex Rivers), 22.0% (n ¼ 11/50) of samples tested positive for Giardia and 2.0% (n ¼ 1/50) of samples tested positive for Cryptosporidium. There was a higher number of positive samples found at Sylvia Grinnell River (n ¼ 7) and Apex River (n ¼ 5) compared to Carney Creek (n ¼ 0). Among positive results, the average concentration of Giardia was 1.57 cysts/100 L at Sylvia Grinnell River (n ¼ 7) and 0.88 cysts/100 L at Apex River (n ¼ 4), while the average concentration of Cryptosporidium was 0.90 oocysts/100 L at Apex River (n ¼ 1) (Figure 2 ). Using microscopy, parasites were detected in water samples throughout the summer, but a higher number of positive samples was detected in the late summer and early fall (Figure 2 ). Using PCR, Giardia and Cryptosporidium were not detected in the water samples (n ¼ 55); therefore, it was not possible to determine the species or genotypes of parasites that were present.
Evaluation of control samples (i.e., of known concentrations) revealed that (oo)cyst recoveries ranged from 40.0% to 92.0% for Giardia cysts and 25.9% to 53.0% for Cryptosporidium oocysts in the laboratory during the study period. The trip control samples (n ¼ 2) resulted in recoveries of 71.0% for Giardia cysts and 47.0% for Cryptosporidium oocysts after 5 days of storage in the lab, Positive association found between water turbidity and Giardia and Cryptosporidium and recoveries of 55.0% for Giardia cysts and 28.0% for Cryptosporidium oocysts after 33 days in transit.
Indicator bacteria
A statistically significant, positive association was confirmed between E. coli and total coliforms (Coef. 
Environmental conditions
On sample collection days, the mean water temperature and turbidity were 8.2 C and 7.0 NTU, respectively (Table 3) .
The mean air temperature and precipitation on the day of water collection were 6.7 C and 4.5 mm, respectively, and the daily water level generally decreased over time from
June to September 2016 (Figure 3) .
At Sylvia Grinnell and Apex Rivers, low water temperature ( 35th percentile; 1.1 to 6.7 C) at the time of sampling was significantly associated with an increased odds of parasite presence, while controlling for sampling location ( that cause disease in humans (e.g., C. parvum and C. hominis) hampers determination of the clinical relevance of these results. Since the parasites found by microscopy were low in concentration and mostly in poor condition, with many (oo)cysts not containing cytoplasm, there was insufficient DNA to be amplified by PCR for detection ( Figure A1 , available with the online version of this paper).
To our knowledge, no published research exists on the genetic characterization of Giardia and Cryptosporidium processed an average of 10 days after collection due to challenges with airline schedules and weather delays. The trip control showed that (oo)cyst recovery was reduced by approximately 18.0% after 33 days of transit. Therefore, the reduction in (oo)cyst recovery over longer transit times may have further underrepresented parasite presence in Iqaluit. Indeed, the effect of extended holding times was less than the residual standard deviation normally found with Filta-Max ® filters using lab ongoing precision and recovery data (EPA ).
Finally, the number of environmental exposure variables tested in this study (n ¼ 14) may have led us to detect significant associations by chance (i.e., type I error 
